Superposed multicarrier transmission is one of the schemes that achieve efficient use of frequency resources. In the scheme, desired signals are interfered by other systems sharing the same frequency band, which causes unreliable LLR (log-likelihood ratio) setting and leads to degradation of the BER (bit error rate) performance. In many conventional schemes for OFDM (orthogonal frequency division multiplexing) systems, the interference power for each subcarrier is estimated independently. Otherwise, based on the assumption that interferences have the same average power, one interference power is estimated and applied to all subcarriers. However, when there exist multiple wideband interferences with different average power, it is better to detect each interference and estimate each power based on all subcarriers within each superposed band to make it accurate. In this paper, we propose a scheme to suppress multiple wideband interferences based on the probability with which each subcarrier is superposed, referred to as the superposition probability. In the proposed scheme, we derive the PDFs (probability density functions) of residual powers for superposed and non-superposed bands. Based on residual powers and their PDFs, we calculate the superposition probability for each subcarrier. Furthermore, we perform superposed band detection iteratively according to the probabilities and update each estimated interference power. Through simulations, we show that the detection rate of superposed bands is improved by iterating superposed band detection based on superposition probabilities. We also show that the proposed scheme achieves the better BER performance than that of conventional ones.
Introduction
Rapid increase of wireless communication systems and growing demand for high-speed communication have brought about lack of frequency resources [1] . One of the techniques that realize efficient use of frequency resources is spectrum sharing where several wireless systems share the same spectrum to make overall occupied frequency band narrower [2] . Superposed multicarrier transmission is one of the spectrum sharing schemes, which allows the occupied band of unexpected signals to overlap a part of the occupied one of the desired signals [3, 4] . However, desired signals on the superposed bands are affected by other systems that use the same frequency bands. Those interferences cause unreliable LLR (loglikelihood ratio). Because LLR is a metric for decoders, inaccurate LLR makes BER (bit error ratio) performance degrade. Because interference parameters, like power and occupied bands, are usually not available, interferences should be detected and also suppressed at the receiver side by any information obtained from received signals.
A lot of schemes of interference suppression for OFDM (orthogonal frequency division multiplexing) systems are proposed over the past years. For example, in cognitive radio OFDM systems, unlicensed users are allowed to use the licensed bands where the licensed users are not present. Though OFDM subcarriers are orthogonal to each other, each subcarrier has high sidelobes, which is one of the crucial problems to be solved. In [5, 6] , AIC (active interference cancellation) is used for sidelobe suppression. In [5] , extended AIC signals are added to suppress sidelobes and to shape the spectrum of OFDM signal with a CP (cyclic prefix). In the scheme, the extended AIC signal with CP employs cancelation signals composed of tones spaced closer than the interval of OFDM subcarriers to cancel the sidelobes of OFDM signals. In addition, optimal cancelation signals are derived to minimize the total power of sidelobes. In [6] , the problem of spectrum overshooting is coped with by employing the improved AIC technique. In the scheme, a trade-off between the amount of spectrum overshooting and sidelobe suppression without increasing the computational complexity is obtained by solving the optimizing problem in AIC; the influence of spectrum overshooting can be totally removed.
In [7, 8] , null symbols are transmitted at a constant interval for spectrum sensing. Though they are some overhead for systems, it is simple with respect to implementation. In [9] , a prediction-error filter is employed to detect narrow-band interferences, and then, erasure insertion is performed over the detected superposed bands. Similarly, in [10] , hidden Markov model-based filters and smoothers are employed for dynamic excision of narrow-band interferences from spread-spectrum systems. In [11] , the interference power of each subcarrier is estimated based on previous decoded data in the same packet. In the scheme, it is necessary to insert more pilot signals for initial estimation of the interference power than those just required to estimate channel coefficients, which are large overhead for systems. To reduce this overhead, another scheme is proposed in [12] , which applies EM (expectation maximization) algorithm for estimation of the interference power of each subcarrier. EM algorithm is a kind of the maximum likelihood estimation schemes that calculates local optimum parameters of a stochastic model based on given initial parameters. In addition, an approach using the EM algorithm is applied to address the frequency estimation problem in OFDM spectrum sharing systems [13] and to estimate channel coefficients [14] . Through simulations, it is shown that nearly the same BER performance as that in [11] is achieved with less amount of overhead, while computational complexity increases due to iterative Viterbi decoding in the loop of EM algorithm. In [15] , estimation of an interference power and decoding of received signals are alternately performed. At the receiver side, at first, robust LLR is calculated for initial decoding. Exploiting LLR output from the decoder, soft-decision replica signals are generated to calculate residual powers. Comparing them with a threshold power, superposed bands and an interference power are estimated. Based on the estimated parameters, LLR calculation and decoding are performed again. Repeating the process, accuracy of the estimation increases. One drawback of the scheme is large computational complexity because of iterative decoding. In [16] , EM algorithm is applied to reduce the computational complexity. At the receiver side, first, residual powers are calculated by exploiting hard-decision replica symbols. Based on the residual powers, an interference power and superposed rate are iteratively estimated in the EM algorithm. Superposed rate is defined as a ratio of the number of subcarriers on superposed bands to the number of those composing an OFDM symbol. This scheme can achieve the BER performance close to that in [15] with one decoding iteration.
In [15, 16] , the average power of each interference is assumed to be equal as shown in Fig. 1 . In practice, however, multiple interferences with different average power can exist as shown in Fig. 2 . Considering that case into account, we proposed an interference suppression scheme that can be applied to the both cases where the interference power is equal or different [17] . In the scheme, residual powers are averaged in both time and frequency domains to mitigate the variance of them among subcarriers on the same superposed band. Besides, the threshold used to detect superposed bands is updated according to the equation proposed in [16] and superposed band detection is iteratively performed. Although the BER performance is slightly improved compared to that of conventional schemes for large E b /N 0 , and also, the detection rate of superposed bands is made higher by updating the threshold, there are still several points to be improved. One of them is how to calculate LLR. In [17] , each estimated interference power is never exploited to calculate LLR for non-superposed bands. However, even for subcarriers detected as non-superposed bands, we should take the possibility of their belonging to superposed bands into account according to the magnitude of each residual power. One of the possible ways is to calculate LLR weighted with the probability with which each subcarrier is superposed, which is referred to as "superposition probability" in this paper. The other point is related to the way to calculate the threshold power. The equation for optimizing the threshold is derived on the assumption that all interference power is equal. Therefore, the threshold is hard to be optimized when the interference power is different, like under the interference scenario in Fig. 2 .
In this paper, we propose a scheme to suppress multiple independent wideband interferences with different power based on superposition probabilities. In the proposed scheme, in accordance with the PDFs (probability density functions) of residual powers for superposed and nonsuperposed bands, we derive equations that give superposition probabilities for both the pilot part and data part in a packet. We iterate superposed band detection by updating not the threshold but the superposition probability. Besides, the proposed scheme needs no information about interferences as well as the noise power. Through simulations, we show that the detection rate of superposed bands is significantly improved by exploiting superposition probabilities. We also show that the BER performance is greatly improved compared to that of conventional schemes in the presence of several wideband interferences with different power. As one reason for the improvement, we evaluate accuracy of each estimated interference power by NRMSE (normalized root-mean-squared error).
The rest of this paper is organized as follows. Section 2 specifies the system model. Section 3 introduces how to estimate initial noise and interference power with pilot OFDM symbols and defines the superposition probability. Section 4 introduces iterative superposed band detection scheme with data OFDM symbols. In Section 5, we show simulation results for several interference scenarios, which is followed by the conclusion in Section 6.
System model
We suppose an OFDM (orthogonal frequency division multiplexing) system with single transmit and receive antennas. Each OFDM symbol is composed of L subcarriers and contains FEC (forward error correction) codes generated by a turbo encoder. At the receiver side, GI (guard interval) is removed and FFT (fast Fourier transform) is applied to received OFDM symbols to transform those from time domain into frequency domain. We assume that we can obtain perfect time and frequency synchronization. Then, a received OFDM symbol at time
where h(t, l), x(t, l), n(t, l), and w(t, l) represent channel coefficient, transmitted signal, noise signal, and interference signal, respectively. We assume that each n(t, l) is a circularly symmetric complex Gaussian random variable with mean 0 and variance σ 2 n . We also assume that I independent wideband interferences are superposing on desired OFDM symbols. The prefix "wideband" means that each interference is assumed to superpose over several consecutive subcarriers of the desired OFDM symbol in frequency domain. Note that the wideband interferences do not overlap each other. We denote their indices by i, the set of indices of subcarriers superposed by the wideband interference i by l i , and the set of indices of subcarriers on non-superposed bands by l, respectively. Then, w(t, l) is a part of the wideband interference i (l ∈ l i ) and is corresponding to the subcarrier l of the desired OFDM symbol. We also assume that w(t, l) for each subcarrier l is modeled as an independent, circularly symmetric complex Gaussian random variable with mean 0 and variance
, where w(t, l) = 0 for l ∈ l. Namely, all w(t, l) belonging to the same wideband interference i have the same variance σ 2 if,i . Note that the wideband interference has to be modeled properly, based on, for example, modulation scheme, the channel between the desired receiver and the transmitter of interference signals, and nonlinearity of the desired receiver.
In this paper, we consider the environment where coordinated and unknown systems may be present. In other words, there is no priority and no cooperation among systems. Therefore, the bands used by other radio systems can be anywhere in the desired bands. Also, the power of interference signals transmitted by other radio systems can be smaller or larger than that of the desired signal. In addition, the power spectral density of each interference is assumed to be constant at passband with steep slopes. In the following, we omit the part "wideband" and just describe "interference i" to be simplified.
A packet is composed of Q pilot OFDM symbols known to the receiver followed by K data OFDM symbols. We assume that the channel is time-invariant but frequency selective during the reception of a packet. Also, we assume that the interference signal lasts long enough to state that it does not start or end during the reception of a packet. Moreover, the superposed band and the power of each interference is constant in each packet. Although the main purpose of inserting pilot OFDM symbols is to estimate channel coefficients, in addition to channel estimation, we exploit them to estimate noise and interference power based on the technique proposed in [18] .
We first estimate the channel coefficient for each subcarrier with pilot OFDM symbols. In the pilot part, a received pilot signal is expressed as
where superscript P indicates that it is related to pilot OFDM symbols. x P (t, l) is any of the candidate symbols in M-PSK or M-QAM. We obtain the channel coefficients simply in the following.
where (·) * is the complex conjugate of (·). In practice, the channel estimation error affects the accuracy of superposed band detection or the BER performance.
The LLR of the mth bit c(t, l, m) of the transmitted data OFDM symbol at time t and subcarrier index l is given by
where P(·) is the probability. Since interference parameters are usually unknown to the receiver, robust LLR is proposed in [19] , which weights two PDFs by a coefficient to take interferences into account. As robust LLR is tolerant toward variation of interference parameters, in [15, 19] , the interference power and the coefficient are set to 4 and 0.3, respectively, as constant values. However, there are some points to be mentioned. First, the noise power has to be known. Second, applying the same coefficient to all subcarriers is not optimal. In other words, a different coefficient should be chosen for each subcarrier based on any information obtained from received OFDM symbols. Thus, we exploit the pilot OFDM symbols to combat these problems. Specifically, we calculate subtraction of two pilot OFDM symbols consecutive in time domain and derive its PDFs. Based on the magnitude of the subtraction, we detect superposed bands and estimate noise and interference power. Moreover, we calculate superposition probabilities, which is denoted by P if (l) in the following, based on the obtained PDFs to be utilized for LLR calculation.
Initial estimation of noise and interference power with pilot OFDM symbols
We show the proposed receiver structure in Fig. 3 . In this section, we show the way to obtain initial estimatorŝ σ 2 n ,σ 2 if , and P P if (l) by exploiting pilot OFDM symbols. In Fig. 3 , the upper detector, "Initial detector, " corresponds to the estimation in this section. For simplicity, here, we assume the number of pilot OFDM symbols Q = 2 and denote them by y(0, l), y (1, l) , respectively. Assuming that channel coefficients of two pilot signals consecutive in time domain are approximately equal, the subtraction r P (l) of them can be expressed as where H 0 and H 1 represent the hypotheses of being on a non-superposed and a superposed band, respectively. Denoting the in-phase and quadrature components of n(k, l) and w(k, l) by n I (k, l), n Q (k, l), and w I (k, l), w Q (k, l), respectively, |r P (l)| 2 is expressed as follows.
For each component X (= I, Q), we can easily find that,
From Eqs. (6) and (7), |r P (l)| 2 is χ 2 distributed with D = 2 degrees of freedom. For statistically independent and identically distributed Gaussian random variables X j (j = 0, 1, . . . , D − 1) with mean 0 and variance σ 2 , the
, is expressed as follows.
where (·) is the Gamma function. Hence, the PDFs of z P (l) ≡ |r P (l)| 2 for H 0 and H 1 are given, respectively, as,
Here, we set a threshold |r P th | 2 to be compared with z P (l) to estimate subcarriers affected by interferences. Because we do not have any information about interferences at this stage, we set the average of all z P (l) to the threshold. That is,
Each z P (l) is compared with |r P th | 2 . Namely,
Note that for H 1 in Eq. (5), w(0, 1) − w(1, l) may be zero or very small compared to n(0, l) − n (1, l) . In this case, the decision in Eq. (11) may get wrong because the corresponding z P (l) is not so large compared to that on non-superposed bands.
Denoting the set of subcarrier indices on detected superposed and non-superposed bands by l and l, respectively, noise and interference power are obtained by averaging z P (l) within l and l. That is,
Because in the previous section we assumed that each interference superposes on at least two consecutive subcarriers of the desired OFDM symbols in frequency domain, we can estimate each interference power accurately by averaging procedure in Eq. (12) . Note that the proposed scheme can work in the case where there exist interferences superposing on just one subcarrier of the desired OFDM symbol. Based on Eq. (9) and estimated parameters in Eq. (12), we derive the superposition probability P P if (l). Taking the integral of the PDF p(z|H) with respect to z gives P(z|H), which is the probability with which z is obtained for the hypothesis H. Specifically, the integral of p P (z P (l)|H 0 ) and p P (z P (l)|H 1 ) with respect to z P (l) corresponds to the probability P(z P (l)|H 0 ) and P(z P (l)|H 1 ), respectively. For this reason, we consider the ratio of the probability for H 1 to the sum of that for H 0 and H 1 , as the superposition probability. Namely,
where z P (l) ≡ |r P (l)| 2 . Note that this scheme can work for any value of Q ≥ 2. Let Y P (l) = {y P (i, l)} Q−1 i=0 be the set of pilot OFDM symbols for the subcarrier l in a packet. Then, we obtain Q−1 subtractions from Y P (l), defined as r P (i, l), as follows.
Letting 
where
is the element set of PSK (phase shift keying) with mth bit equal to b. To obtain better BER performance, the LLR has to be calculated accurately. As shown in Eq. (15), the LLR is influenced by estimated interference powers. When the superposed bands are detected as non-superposed bands, the LLR of the corresponding subcarriers cannot be calculated accurately, which leads to the degradation of the BER performance. In the proposed scheme, based on the superposition probabilities obtained in Eq. (13), the reliable detection of each interference is performed. Calculated LLR is input to decoder and the output LLR is exploited to generate soft-decision replicas of transmitted signals, which are denoted byx(t, l).
Iterative superposed band detection based on superposition probability
In this section, we introduce how we detect each interference and its power with data OFDM symbols. Furthermore, we also propose iterative superposed band detection scheme based on superposition probabilities, which leads to more accurate estimation. In Fig. 3 , the lower detector, "Iterative detector, " corresponds to the estimation in this section. First, we calculate the residual power for each subcarrier by subtracting the replica symbols from the received signals.
where e(t, l) represents the error due to the decoding and channel estimation errors. Moreover, we take the average of |r(t, l)| 2 in time domain.
where subscript I and Q correspond to in-phase and quadrature components, respectively. According to the derivation from Eq. (5) to Eq. (9), |r(l)| 2 is χ 2 distributed with D = 2K degrees of freedom, where K is the number of data OFDM symbols for each subcarrier in a packet. Therefore, the PDFs of z(l) ≡ |r(l)| 2 is expressed as follows. Here, we ignore the influence of the error e(t, l) to make the derivation in the following sample.
Similar to the detection scheme Eq. (11) in the previous section, we set a threshold |r th | 2 to the average of all z(l). We compare each z(l) with it to detect superposed bands. That is,
Assuming that I independent superposed bands are detected, we denote the set of indices of subcarriers on each superposed band and non-superposed band by l i and l, respectively. Though we combine detected interferences and apply the same estimated power to all of them in the pilot part, in the data part, we allocate the index i (0 ≤ i ≤ I −1) to each detected interference and estimate each power. This is because of the following reasons. In the pilot part, decision in Eq. (11) may not be reliable, because each z P (l) is composed of only two samples and has a large variance. Because it is difficult to detect each superposed band correctly, we just estimate an approximate interference power by exploiting all residual powers on detected superposed bands and apply it to all the bands. By contrast, the decision based on the data part is more reliable, because each z(l) comprises K samples, which is usually larger than 2, and has a smaller variance. Thus, we expect to estimate each interference power accurately.
The noise and each interference power are obtained as follows.
Based on Eq. (18) and estimated parameters in Eq. (20), we calculate the superposition probability P if (l) in the same way as Eq. (13). That is,
We iterate superposed band detection based on P if (l). Here, we give an example. When z(l) does not exceed |r th | 2 , l is detected as a non-superposed band in Eq. (19) . However, when P if (l) exceeds 0.5, we discard the previous result and detect l as a superposed band. Similarly, we detect l as a non-superposed band when P if (l) does not exceed 0.5, irrespective of the result in Eq. (19) . Namely,
Here, we have a problem to be solved in Eq. (21). Whenσ 2 if (l) = 0, which corresponds to non-superposed bands, P if (l) gets always 0.5. Ideally, we expect that all P if (l) on superposed bands exceeds 0.5 and those on nonsuperposed bands do not. Here, we show an example of residual power for each subcarrier in Fig. 4 . The subcarrier corresponding to the red plot is misdetected as a non-superposed band in Eq. (19) , because it is smaller than the threshold. Under the superposed band detection based on the superposition probabilities, we can fix the misdetection when the superposition probability of only the red plot is larger than 0.5 among all the plots smaller than the threshold. For large E b /N 0 , residual powers on superposed bands are rarely smaller than those on nonsuperposed bands, because the former has a large mean value. In this case, we can tell superposed bands from non-superposed bands based on the difference of residual powers between superposed and non-superposed bands.
We have some candidates forσ 2 if (l) on non-superposed bands for the calculation in Eq. (21). For example, we can apply the minimum or maximum or median value ofσ 2 if,i . Thus, we check the behavior of Eq. (21) toward variation ofσ 2 if (l). Whenσ 2 if (l) is small, P if (l) tends to exceed 0.5 even for small z(l). In this case, we can detect all superposed bands with high probability even if some of them are misdetected in Eq. (19) . However, nonsuperposed bands also have a tendency to be detected as superposed bands. Whenσ 2 if (l) is large, in contrast, nonsuperposed bands are seldom misdetected as superposed bands, because P if (l) does not exceed 0.5 for small z(l).
Fig. 4 Example of residual powers
In addition, we can expect that superposed bands misdetected as non-superposed bands in Eq. (19) are correctly detected, because z(l) on superposed bands is usually large enough to make P if (l) exceed 0.5, even if the z(l) is smaller than |r th | 2 . For this reason, we apply the maximum one ofσ 2 if,i toσ 2 if (l) on non-superposed bands. That is,
Based on the results in Eq. (22) 
Simulation results
Simulation parameters are listed in Table 1 . In this simulation, we assume three interference scenarios in the following. Note that SIR (signal-to-interference ratio) is defined as a ratio of the power of the desired signal to that of the interference signal.
• Scenario 1: Two independent interferences. As shown in Fig. 5 , interferences 1 and 2 superpose on 4 (1 ≤ l ≤ 4) and 8 (11 ≤ l ≤ 18) subcarriers of desired signals, respectively. Each SIR is 3 and −6 dB, respectively. That is,
• Scenario 2: Three independent interferences. As shown in Fig. 6 , interferences 1, 2, and 3 superpose on 4 (1 ≤ l ≤ 4, 11 ≤ l ≤ 14, and 21 ≤ l ≤ 24) subcarriers of desired signals, respectively. Each SIR is 3, 0, and −6 dB, respectively. That is,
• Scenario 3: Three independent interferences. As shown in Fig. 7 , interferences 1, 2, and 3 superpose on 4 (1 ≤ l ≤ 4, 11 ≤ l ≤ 14, and 21 ≤ l ≤ 24) subcarriers of desired signals, respectively. Each SIR is 3 dB, which corresponds to the assumption in the conventional schemes [15, 16] . That is,
otherwise.
Note that the interferences do not overlap each other in all scenarios. We evaluate detection rate and BER performance. In addition, we evaluate NRMSE of estimated interference power as a factor of the improvement.
In [15, 16] , bit LLR is calculated in the same way as in Eq. (15) , except that for all subcarriers, the same interference power is applied. On BER performance, five schemes including the proposed scheme are evaluated. The proposed scheme corresponds to "Proposed. " "Iteration, " "EM, " and "Averaging" correspond to conventional schemes [15] [16] [17] , respectively. In "perfect, " the noise power, each interference power, and each superposed band are known to the receiver, where we can ideally calculate the bit LLR in Eq. (15). Figures 8 and 9 show the detection rate of superposed bands for Averaging and Proposed under the interference scenarios 2 and 3, respectively. Detection rate is defined as a ratio of the number of packets where all interferences are correctly detected, to the number of transmitted packets. We show details of the legends in the following.
Detection rate
• nItr: Number of times of iteration.
• Averaging: Moving average of three residual powers are taken in frequency domain. For every nItr, the interference detection is performed based on a threshold, which corresponds to Eq. (19) . For nItr = 0, the threshold is set to the average of all residual powers in the packet. For nItr ≥ 1, the updated threshold is exploited. The threshold has been updated once for nItr = 1 and twice for nItr = 2.
• Proposed: For nItr = 0, the interference detection is performed based on the threshold. That is, the decision is performed according to Eq. (19) . The threshold is set to the average of all residual powers in the packet. For nItr ≥ 1, superposition probabilities are exploited to the decision, which corresponds to Eq. (22). Specifically, initially calculated superposition probabilities are used for nItr = 1 and updated ones for nItr = 2.
First, we discuss Fig. 8 , where all interference power is different. For nItr = 0, the detection rate of Averaging is higher than that of Proposed. This improvement of Averaging is because of averaging residual powers in both time and frequency domains. As introduced in [17] , the residual powers |r(t, l)| 2 are averaged in time domain to mitigate the variance of residual powers among subcarriers superposed by the same interference. In addition, moving average of the obtained |r(l)| 2 is taken in frequency domain for further mitigation of the variance. Therefore, with respect to the detection in Eq. (19) , which is based on a threshold, the detection of Averaging is more accurate than that of Proposed. In contrast, the detection rate of Proposed exceeds that of Averaging for nItr ≥ 1. For example, the detection rate of Proposed is higher than that of Averaging by about 0.1 for nItr = 1 and E b /N 0 ≥ 20 dB. Besides, the detection rate of Averaging for nItr = 2 is greatly degraded from that for nItr = 1, while the detection rate of Proposed for nItr = 2 is improved from that for nItr = 1 except for E b /N 0 = 24 dB. In Averaging, the threshold is hard to be optimized when the difference of the interference power is large, because the equation for optimizing the threshold is derived on the assumption of equal interference power. Because the superposed band detection is performed with the inaccurate threshold, the detection rate gets degraded. In contrast, the superposition probabilities are substituted for the threshold to detect superposed bands for nItr ≥ 1 in Proposed. Superposed band detection with superposition probabilities is more reliable than that with threshold, because they are derived In the case where the noise power is large and the interference power is small, it is difficult to detect the interference, because the interference signal is hidden in the noise signal. In contrast, in the case where the interference power is large like the interference scenario in Fig. 6 , compared to the conventional scheme, the interference can be detected in the proposed scheme irrespective of the magnitude of the noise power. This is because the magnitude of the residual power on superposed bands is much larger than that on non-superposed bands. Second, we discuss Fig. 9 , where all interference power is equal. We omit the plots for nItr = 2, because the detection rate converges at nItr = 1. For both nItr = 0 and 1, the detection rate of Averaging outperforms that of Proposed, except for E b /N 0 = 24 dB. For example, for nItr = 0, the detection rate of Averaging is higher than that of Proposed by 0. is because of the averaging of residual powers in both time and frequency domains. Similarly, for nItr = 1, Averaging is superior to Proposed. For example, the detection rate of Averaging is higher than that of Proposed by more than 0.1 at E b /N 0 = 16 dB and by 0.1 at E b /N 0 = 18 dB. This interference scenario is ideal for Averaging with respect to optimizing the threshold, because the equation for updating the threshold is derived based on the assumption of equal interference power. Thus, the threshold is calculated ideally, which leads to the high detection rate. On the other hand, although the superposition probabilities in Proposed are derived based on the PDFs of residual powers, it does not assure that the superposition probabilities are optimized. It may be possible to improve the detection rate of Proposed by modifying the derivation of the superposition probabilities, which is our future work.
BER performance
Figures 10, 11, and 12 show the BER performance under the scenarios 1, 2, and 3, respectively. The following are the settings in the simulations.
• Iteration: Decoding is performed twice in total.
• Averaging: Moving average of three residual powers are taken. The threshold is updated twice, which corresponds to nItr = 2 in Section 5.1. Decoding is performed twice in total.
• Proposed: The superposed probabilities are updated once, which corresponds to nItr = 2 in Section 5.1. Decoding is performed twice in total.
As shown in Fig. 10 , Proposed achieves the better BER performance than that of other schemes for one interference power is estimated by exploiting all residual powers on detected superposed bands. Thus, the schemes result in the worse BER performance when the difference of each interference power is large as in this scenario, because one estimated interference power cannot be accurate for all interferences. With regard to Averaging, though each interference power is estimated, it is hard to obtain accurate estimators. This is because the threshold is not optimized as in this scenario, which leads to the low detection rate. By contrast, Proposed can deal with both cases where each interference power is equal and different. This is because it detects each interference and estimates each power by using not the threshold but the superposition probabilities. Moreover, the BER performance of Proposed is very close to that of Perfect. This result is an evidence that accurate LLR is set in the proposed scheme. Figure 11 shows the BER performance for the scenario 2. Similar to the result in Fig. 10 better BER performance than that of other schemes for E b /N 0 ≥ 12 dB. To be specific, for BER ≤ 10 −4 , Proposed is improved compared to others by more than 2 dB regarding E b /N 0 . In the scenario 2, there exist three interferences with different power, which are more than the number of those in the scenario 1. Therefore, it is hard to detect the interferences accurately by using the one threshold.
In Fig. 12 , all interference power is equal. The improvement of the BER performance by applying the proposed scheme is smaller than that in other scenarios, because this is the ideal scenario for the conventional schemes. However, Proposed shows the better BER performance than that of other schemes. Proposed tries to detect superposed bands iteratively based on not only the comparison of residual powers with a threshold but also superposition probabilities. Thus, we consider that each superposed band is correctly detected and each power is accurately estimated, which results in the better BER performance for the scenarios as well where each interference power is equal. Though the BER performance of Proposed is better than that of Averaging; however, as shown in Fig. 9 , Averaging outperforms Proposed with respect to the detection rate. The reason why Proposed achieves the improvement of the BER performance compared to Averaging is the following. In Averaging, estimated interference power is never exploited to calculate LLR for non-superposed bands. Hence, even if the detection rate is high, LLR is sometimes set quite inaccurately when corresponding subcarrier is misdetected. By contrast, in Proposed, estimated interference power is applied to all subcarriers, irrespective of the result of the detection. Taking the possibility of misdetection into consideration, we weigh two PDFs with the superposition probabilities calculated based on the magnitude of residual powers. Therefore, we can avoid setting quite inaccurate LLR even when the misdetection happens. That is why, Proposed outperforms Averaging with respect to the BER performance.
NRMSE of estimated interference power
In this section, we evaluate NRMSE of the estimated interference power to confirm the relationship between the estimation accuracy of the interference power and the BER performance. Tables 2 and 3 show NRMSE of estimated interference power under the interference scenarios 2 and 3, respectively, where E b /N 0 ≥ 20 dB. In the tables, NRMSE is calculated as follows.
where N is the number of transmitted packets andσ 2 if (l, j) is the estimated interference power for the packet j. On 
where l and l are the set of indices of subcarriers on estimated superposed and non-superposed bands, respectively. As shown in Table 2 , NRMSE of Iteration is by far the largest among all the schemes with respect to the interferences 1 and 2. Thus, corresponding LLR is not set accurately, which results in the degradation of the BER performance. Regarding the interference 3, NRMSE of EM is the largest among all the schemes. In addition, SIR of the interference 3 is larger than that of any other interferences. Hence, the BER performance of EM is severely affected by the interference 3 due to inaccurate LLR. NRMSE of Averaging is almost the same as that of Proposed for interferences 2 and 3 and is smaller for the interference 1. However, the BER performance of Proposed is greatly improved from that of Averaging. This is due to the way of calculating LLR. In Averaging, each estimated interference power is not exploited to calculate LLR for estimated non-superposed bands. In other words, misdetection of superposed bands is not considered. In contrast, in Proposed, the misdetection is taken into account by weighting two PDFs with superposition probabilities. That is why, accurate LLR is obtained in Proposed, which results in the BER performance superior to that of Averaging.
In Table 3 , all interference power is equal. With regard to each interference, NRMSE of schemes except for EM is almost the same. While the NRMSE of EM is the smallest among all the schemes, the RMSE is the largest. This should be the reason for the degradation of the BER performance. NRMSE of EM and Iteration is smaller than that of Averaging and Proposed, because the former assumes this interference scenario, where all interference power is equal. However, the BER performance of Proposed is improved compared to the conventional schemes. This is because of the way of deriving superposition probabilities and calculating LLR.
Conclusions
In this paper, we propose a scheme to suppress multiple wideband interferences based on superposition probabilities. In the proposed scheme, we derive the PDFs of residual powers for superposed and non-superposed bands. Based on residual powers and those PDFs, we calculate the superposition probability for each subcarrier. Furthermore, we perform superposed band detection iteratively according to the probability and update each estimated interference power. Through simulations, we showed that the detection rate of superposed bands is improved by iterating superposed band detection based on superposition probabilities. We also showed that the proposed scheme achieves the better BER performance than that of conventional ones.
